The authors review the theory and the empirical evidence of damping of simple nuclear excitations. The excitations considered are the particle states and vibrational states. The particle damping phenomena include the fragmentation of single-particle levels, the systematics of neutron strength functions, and the optical absorption of elastic scattering. Information on the known collective vibrational states is summarized and compared with theory. A theoretical model that has found considerable success is based on a damping mechanism in which the simple excitations mix with the surface vibrations. This implies that the surface damping dominates for excitation energies below about 15 MeV. There is a close relation between the single-particle damping and the damping of collective vibrations. However, the vibrational damping is strongly suppressed by the coherence between the particle and the hole. While the model reproduces many of the observed features of the data rather well, it tends to underpredict the spreading width by as much as a factor of 2. Thus other degrees of freedom, not well understood at present, may play a role in the damping.
The subject is an old one, beginning with Bohr s picture of the nucleus as a highly overdamped system, the compound nucleus (Bohr, 1936) . Later, elastic neutron scattering experiments showed that single-particle motion could persist across the diameter of the nucleus; this led to the first quantitative description of damping, the optical model. By now we have a thorough knowledge of the single-particle motion, not only from elastic scattering but also from spectroscopic studies with transfer reactions, and to some extent from inelastic scattering reactions.
The study of nuclear vibrations also had an early beginning, dating from the discovery of the giant dipole resonance in the photoabsorption cross section. In recent years inelastic scattering experiments have unveiled a rich variety of vibrations of different types. All these vibrational modes are characterized by the quantum numbers of orbital angular momentum, spin angular momentum, and isospin. The vibrations are observed as peaks in the energy distribution of inelastic scattering, peaks from which the mean energy, the strength, and the damping width are extracted.
The properties of. a nuclear excitation can be most con- The theory of the strength function in the absence of coupling to more complex degrees of freedom is now well understood in terms of mean-field theory. The singleparticle motion is described by a static Hartree-Fock
Hamiltonian.
With just a few parameters to characterize the Hamiltonian, the varied shell structure of nuclei across the Periodic At all but the lowest excitation energies, the simple modes are embedded in a complex spectrum and mix with the nearby states. The purpose of this review is to assess our present understanding of this mixing, which requires a level of theory beyond the mean-field approximation. One approach, of course, is to try to calculate the entire spectrum using the shell model as a basis. This is impractical in most cases. It is also unnecessary for determining the gross features of the strength function. We only need to compute the mixing of the simple modes with excitations at the next level of complexity. These states, called doorways, may in turn mix with still more complicated states, but this mixing should not affect the averaged properties of the strength function for the simple modes. The width of a state due to mixing with more complex configurations we denote by I"', to be distinguished from the escape width I ', which is associated with the decay by particle emission.
Our review begins with a summary of the experimental information on single-particle and vibrational damping.
We then discuss the theory, treating the damping of particle excitations and of vibrations in turn. Our theoretical review will emphasize the appropriate description of the doorway states, using the knowledge gained from the mean-field theory of the simple modes. At low excitation energies, the only important degrees of freedom are the surface vibrations, and the simple modes will decay by exciting them. At higher energies, the nucleons in the interior of the nucleus absorb energy more effectively from the simple modes. Obviously, there cleons. Since the nucleon-nucleus interaction is well described by the optical model, the information about the propagation of the nucleon in the nucleus can be summarized in the optical-model parameters. Information about the deeply bound hole states is more difficult to obtain, with the most reliable data coming from the (e, e'p) knockout reaction. We shall now examine in detail the information obtained about damping by these different methods.
A. Spectroscopic study of single-particle fragmentation When the single-particle strength is studied by transfer reactions, the orbital angular momentum of the transferred particle can be determined from the angular distribution of the reaction. Erskine, Marinov, and Schiffer (1966 3.8 MeV. However, only half the total strength was found within the bump. Since the missing strength is probably part of the higher-energy background, the assigned width should be considered a lower limit.
In Table I Table I , we infer a value for the proportionality constant At the higher excitation energies, the particle-transfer reaction is not as suitable as other methods to singleparticle widths. Our primary information about the very deeply bound hole states is from the (e, e'p) reaction, reviewed some time ago (Jacob and Maris, 1973) . The most deeply bound orbit, the 1s»2, can be seen in nuclei up to Ca. From the Ca(e, e'p) 9K reaction, the excitation energy of the Os&&2 hole is found to be about 50 MeV, and its width is about 30 MeV (Nakamura et aI. , 1974; Mougey et al. , 1976 (Mughabghab and Garber, 1973 (Skwiersky, Baglin, and Parker, 1974) . The extracted phase shift and reflection coefficient of the f7/2 partial wave is shown in Fig. 6 . These smttering parameters were determined from optical-model fits to the data at each energy. As the energy of the proton increases, the phase shift rises through 90'. At Rapaport, Kulkarni, and Finlay (1979) (Agrawal and Sood, 1975; Rapaport, 1982 Bertrand (1981) Satchler (1972) (Bertrand et al. , 1978) . Breit-Wigner distribution, assuming a width I =8 MeV.
The total observed strength in the heavier nuclei is found to be nearly 100% of the sum rule when the usual procedure is followed on normalizing the projectile-target interaction to fit the elastic scattering. A typical spectrum showing the giant quadrupole bump in heavy nuclei is shown in Fig. 12 (Knopfle et ol. , 1978) .
Thus the large width in light nuclei may be partly due to I ', the escape width (Wagner, 1982 (Stroher et al. , 1981; Harakeh, 1982 152-MeV a-particle scattering (Bertrand et al. , 1980 There is one itnportant difference between results of electron scattering and alpha-particle scattering that is not understood.
According to the analysis of alpha scattering reactions, about 70% of the quadrupole sum rule is contained in the giant vibration. A similar result was also found from inelastic proton scattering at 200 MeV (Djalali et al. , 1982) . However, the electron scattering data indicate a lower value, 50% or less (Kiihner et al. , 1981) . Obviously, this needs to be resolved before the theory can be assessed on a truly quantitative level.
Giant vibrations have also been observed in the isoscalar response for L =0 and 3 multipoles. The L =0 mode, the giant monopole vibration, is best excited by smallangle scattering of strongly absorbed projectiles. It is located in energy just above the quadrupole vibration, and appears in most spectra as a shoulder on the quadrupole peak. Figure 14 shows an example of the angular distribution of alpha particles, exhibiting the forward peak characteristic of L =0 transfer (Youngblood et al. , 1977 . This is much broader than the widths we have so far encountered for states of moderate excitation energy. However, not all of the width is due to spreading into more complex configurations or particle decay. The orbital and spin angular momentum can couple three different total angular momenta J, and the strength functions are expected to peak at different energies (Bertsch, Cha, and Toki, 1981 Speth, 1974; Liu and Brown, 1976; Blaizot and Gogny, 1977 Thus the theory provides a useful description of the entire response function.
The importance of the interaction to the response may be seen qualitatively from the static polarizability. This is defined as where W is the external field. The first estimate of this would be from the independent-particle model, in which the states i would be particle-hole states, with excitation energy given by the Hartree-Fock single-particle energies. A classic argument by Mottelson (1960) shows that the isoscalar quadrupole polarizability is enhanced by a factor of 2 over the independent-particle value, if selfconsistency is imposed on the interaction. The difference in strength functions for RPA and the independentparticle model may be seen in Figs. 16 Fig. 16 ). Conversely, the isovector channel would have an undamped mode in the infinite system, while the nu"lear isovector dipole is predicted to spread as in Fig. 18 
where X is evaluated at a complex energy =E+i6, and teraction used in the RPA theory (cf. Bertsch and Tsai, 1975) . The simple form for the collective-state coupling, Eqs. (22) and (23), was anticipated in the early work of Bohr (1952) , who assumed that the transition fields would take this form and normalized the deformation parameter PR to the known experimental data. (Brueckner, Eden, and Francis, 1955) . For the approximation in Eq. (34) to be valid, the excitation energy should be much smaller than the Fermi energy (37 MeV). The quadratic dependence at low energies was used in the phenomenological parametrizations of the single-particle width in Eq. (7). Orland and Schaeffer (1978) have also suggested a parametrization to extend beyond the region of quadratic energy dependence.
Second-order perturbation theory is not an adequate approximation for nuclear systems. The interaction is quite strong, and the induced correlations must be explicitly included in the calculation of matrix elements. A simple soluble example is given by the Fermi gas with hard-core repulsive interactions. The particle self-energy is infinite in second-order perturbation theory. With correlations included, the damping of a particle near the Fermi surface is finite and in the dilute limit is (Galitskii, 1958) Thus the relation between mean-free path and decay time (24) for the coupling between the particle and the vibration (see Fig. 20 ). The basic ma-
In this equation, hatt are the single-particle wave functions. Fig. 20(b) from the self-energy associated with the particle-vibration coupling, Fig. 20(a) . The contribution of Fig. 20(b) can be easily estimated by replacing the RPA response in Fig. 20(a) by the noninteracting particle response. It is found that for lowenergy excitations, the damping described by graphs 20(b) is negligible compared to that described by 20(a) (Bertsch et al. , 1979) , as is expected from the discussion of Sec. IV.B.
The optical potential
There have been a number of calculations of the optical potential in finite nuclei based on the particle-vibration doorway hypothesis. Since the transition densities of the collective states peak on the surface, the derived imaginary optical potential will also have this property. %'e saw from the empirical potentials and the Brueckner calculations that above about 20-MeV excitation the volume absorption becomes dominant. Thus we expect the vibrational treatment to become inadequate for higher energies. This is indeed found to be the case in the reported calculations. For example: Rao, Reeves, and Satchler (1973) Lev, Heres, and Divadeenam, 1973) . A serious problem that arises in any theory here is that the density of doorway states is very low. Consequently a large averaging interval must be used in Eq. (29b) to produce a smooth potential. In such situations, it is better to compare the actual strength functions than to smooth out a structure which is predicted to survive. Indeed, the empirical neutron strength function shows large fluctuations from nucleus to nucleus (Fig. 4) .
Neutron strength function
The neutron strength function has been studied in the This is despite the fact that the empirical strength function already has a deep minimum in this mass region (see Fig. 4) (Danos and Greiner, 1965 This formula needs some further definition because of the energy dependence of the damping, and because the vibrational states are made up of many particle-hole configurations. The damping is roughly independent of configuration, but can depend strongly on the energy available to the particle or hole orbital. The energy available is the total vibrational energy, less the excitation energy of the spectator orbital with respect to the Fermi surface.
For the important configurations of the giant dipole, this energy is typically more than half of the dipole vibrational energy, ranging from -12 MeV in medium nuclei to -8 MeV in Pb. Taking the single-particle width from Eq. (4), we find that the predicted dipole width then varies from -10 MeV in medium nuclei to -5 MeV in Pb. The independent-decay model was applied in a detailed calculation by Dover, Lemmer, and Hahne (1972) on the damping of the Pb dipole state. The singleparticle damping was deduced from various optical potentials of n + Pb. The single-particle widths were found to be in the range 1 -3 MeV, giving a dipole damping of 2 -6 MeV, which brackets the empirical value of 4 MeV.
However, the transfer reaction data in Table I suggest that the single-particle widths should be larger, in which case the dipole spreading would be predicted to be too large.
B. Coherence of particle-hole excitations
The coherence between particle and hole in a collective state can drastically modify and reduce the damping as calculated in Eq. (43) . An example from another field of physics is the plasmon excitation of a metal. This collective electron particle-hole state can have a width of 0.2 eV at an excitation energy of 10 eV. Single-particle excitations at the same excitation energy would have widths of several eV. The reduction of the damping arises very naturally in a theory which includes all the second-order damping processes coherently (Dubois, 1959) .
It can be shown on quite general grounds that there is a strong suppression of the coupling to 2-particle -2-hole states in infinite Fermi systems, when the momentum of the collective state goes to zero (Pines and Nozieres, 1966) . The same reduction is built into the quantum col- 
where we have designated the vibrational quantum numbers by S,T, and the quantum numbers of the excitation in the doorway by S', T'. The factor C relates the particle-particle to the hole-hole matrix elements. The sign of this expression is given in Table III (47) where coD is the dipole frequency and p is the quadrupole transition moment. This is considerably smaller than the single-particle width given by the same model, and can be understood in particle-hole language as a cancellation effect between the particle and hole amplitudes. In the oscillator model, the ratio of the orbit coupling to the orbital energy is of the order of unity. The cancellation between particle and hole leads to a coupling of order 1/X, 
Light nuclei
In light nuclei, it is possible to calculate the damping of vibrations by explicitly constructing and diagonalizing the Hamiltonian matrix in 1-particle -1-hole plus 2-particle -2-hole configuration space (Hoshino and Arima, 1976; Knupfer and Huber, 1976; Adachi and Yoshida, 1978) . Hoshino and Arima calculated the damping of the giant quadrupole vibration in ' Q and Ca, and compared the exact Hamiltonian diagonalization with the perturbative approximations of Fig. 22 . Their Hamiltonian was based on empirical single-particle energies and finiterange residual interaction. In 0 they found that the strength is distributed over 8 MeV. This is consistent with the experimental data, which show a rather broad and flat strength distribution. Dehesa et al. (1977) Dehesa et al. (1977) , by Soloviev, Stoyanov, and Vdovin (1977) , and by Bortignon and Broglia (1981b (Soloviev, Stoyanov, and Vdovin, 1977) , and to magnetic quadrupole strength (Ponomarev et al. , 1979 This agrees with alpha-particle scattering results, but as we noted earlier, the electron scattering indicates that less than half of the strength is in the giant vibration region. The only calculations which find large spreadings are those of Knupfer (1982) , who uses a momentum-space delta-function interaction, and the calculations of Speth et al. (1978) E, E -g -ig-
As noted by Brown, de Dominicis, and Langer (1959) , averaging with this weight is equivalent to evaluating S at an energy E+iI, 
This differs from the Uehling-Uhlenbeck form of the collision integral by the presence of the vibrational frequency co in the energy-conserving 5 function. In a model with doorways based on particle-hole -vibration states rather than 2-particle -2-hole states, the collision integral would be We shall analyze Eq. (C7) rather than (C6) for simplicity and to make a parallel with the treatment in Appendix B. The distribution function n appears in four places in I, so there will be four terms in 5I/5n. Each of these terms may be associated with the imaginary part of one of the perturbation graphs of Fig. 22 . To make the correspondence, draw a particle line k for a factor of (1 nk ) a-nd a hole line k for a factor n (k), where k =p or p'. The incoming vibration 5n(k) connects to fermion lines k+q, k. %'e now compare the collisional damping with macro5The equivalence has also been demonstrated by K. Ando, A. Ikeda, and G. Holzwarth (1982) .
6See Uehling and Uhlenbeck (1933) . Derivations of the collision integral may be found in Abrikosov, Gorkov, and Dzyaloshinski (1963) , Kadanoff and Baym (1962), and %'olfle (1970 
